We report that it is possible to obtain a cavity structure by the deformation of a unit cell of an split ring resonator (SRR) structure. We presented the Q-factor of the cavity resonance as 192 for an SRR-based single cavity. Subsequently, we brought two and three cavities together with an intercavity distance of two metamaterial unit cells and investigated the transmission spectrum of SRRbased interacting 2-cavity and 3-cavity systems. The splitting of eigenmodes due to the interaction between the localized electromagnetic cavity modes was observed. Eventually, in taking full advantage of the effective medium theory, we modeled SRRbased cavities as 1D Fabry-Perot reflectors (FPRs) with a subwavelength cavity at the center. Finally, we observed that at the cavity resonance, the effective group velocity was reduced by a factor of 67 for an SRR-based single cavity compared to the electromagnetic waves propagating in free space. #
Introduction
The magnetic permeability (m) of naturally occurring materials is positive. Constructing a negative m medium is difficult because of the absence of a magnetic charge. In 1999, Pendry et al. suggested split ring resonator (SRR) structures and demonstrated that such structures strongly respond to an incident magnetic field resulting in negative permeability [1] . An SRR structure is resonant around the magnetic plasma frequency [1] [2] [3] , which is induced by the currents that imitate magnetic poles.
Split ring resonators have received a great amount of interest and were widely studied for constructing metamaterials. The transmission characteristics of periodic [2] [3] [4] [5] [6] [7] [8] [9] [10] and disordered SRRs [11] are reported. There are also numerical simulations in order to study the properties of transmission spectra [12] [13] [14] [15] , effective parameters [16] [17] [18] , and the magnetic resonances of SRRs [3, 19] . Several analytical models are reported for a better understanding of SRRs' resonance behaviors [20] [21] [22] [23] [24] . The studies on SRRs and metamaterials are mainly performed in the gigahertz (GHz) frequency regime, but recently magnetic resonances of SRRs at terahertz (THz) frequencies have been obtained both experimentally and theoretically [25, 26] .
In the present paper, we investigate cavity formation in SRR structures. We introduce the cavity structure and present the transmission of SRR and SRR-based single cavity structures. Our results show that the modification of a unit cell of the metamaterial can exhibit a cavity resonance. Subsequently, we brought two and three cavities together with an intercavity distance of two www.elsevier.com/locate/photonics Available online at www.sciencedirect.com metamaterial unit cells, in which we investigated the transmission spectrum of SRR-based 2-cavity and 3-cavity systems. Consequently, we modeled SRRbased cavity as a one-dimensional (1D) Fabry-Perot resonator (FPR) with a subwavelength cavity at the center. The transmission was calculated from the FPR model using the 1D transfer matrix method (TMM). Finally, we present here an effective group velocity reduction at the cavity resonance.
Split ring resonator-based single cavity system
The SRR structure that we used for the present study was a one-dimensional periodic arrangement of square rings. The square SRRs were printed on Teflon (e = 2.17) substrates. The thickness of the Teflon substrate was 1 mm. The unit cell of the SRR structure is shown in Fig. 1(a) . The thickness of the metal (copper) was 0.05 mm. The lattice constant along the x direction was 4.95 mm, and along the x direction (propagation direction) it was 3 mm. There were 40 layers along the y and z directions, and 5 unit cell along the propagation direction. The E-field was in the y direction. The experimental setup consist of an HP 8510C network analyzer and two standard gain horn antennae in order to measure the transmission amplitude. The simulations throughout the paper were performed by the commercial software program CST Microwave Studio
1 . The measured transmission demonstrated that the SRR structure has a band gap from 5 to 7 GHz ( Fig. 2(a) ). This gap is due to the magnetic resonance [27] , in which the SRR structure exhibits a negative m medium. When the electromagnetic field passes through the ring, an induced current is created, in which the generated field is perpendicular to the magnetic field of It is possible to obtain a cavity mode in the forbidden transmission region of the SRR structure by introducing a defect in the structure. The translational symmetry of the negative m system can be broken by a positive m medium. In the present paper, we changed the center unit cell of the structures by a closed ring structure, which were placed on both sides of the board and possessed positive e and m ( Fig. 1(b) ). This deformation in the SRR structures resulted in a cavity mode transmission spectrum. The transmission spectrum of the SRR-based single cavity system is shown in Fig. 2(b) . We observed a cavity resonance with the Q-factor (quality factor, defined as the center frequency, divided by the full width at half maximum) of 192 at V = 6.7 GHz (44.7 mm) by the SRR single cavity system.
Moreover, we calculated the transmissions for an SRR cavity structure without loss, with loss on board only, and loss on metal only. The results showed that the transmission at the cavity resonance is decreased because of the loss of the board and metal (Cu) (Fig. 3) . The Q-factor for the SRR cavity resonance without a loss is 3290. On the other hand, the Q-factors are 1100 and 475 for the systems with loss on board only and with loss on metal only, respectively. Therefore, one can obtain metamaterial cavities with higher Q-factors by using different designs and materials.
2-Cavity and 3-cavity systems
Subsequently, we investigated SRR-based 2-cavity and 3-cavity systems. We brought two and three cavities together with an intercavity distance of two metamaterial unit cells. The total two-cavity system contains two cavities and two metamaterial unit cells on each side of each cavity (2 cavities + 6 metamaterial unit cells) in the propagation direction. As shown in Fig. 4(a) and (b), we observed that the resonance modes are split into two and three distinct modes that are similar to the PC cavity structure for 2-cavity and 3-cavity systems, respectively. In PC cavity structures, when two isolated cavities are brought together, the localized photon modes should overlap. Due to this interaction, the doubly degenerate eigenmode splits into two distinct modes: symmetric and anti-symmetric. The measured Fig. 3 . The calculated transmission for SRR cavity structure without loss (red line), with loss on board only (blue line), and with loss on metal only (green line). The calculated loss free transmission of the SRR cavity resonance possesses the highest Q-factor. It decreases if the losses of the materials have been introduced (inset: zoomed to the cavity resonance frequency). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) Fig. 4 . Measured (red curves) and calculated (black curves) transmission spectra for (a) SRR-based 2-cavity and (b) 3-cavity systems. Due to the coupling between the strongly localized cavity modes, the single-cavity mode splits into two or three distinct modes depending on the number of coupled cavities. There is good agreement between the measured and calculated transmission spectra. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) values of the resonance frequencies for 2-cavity system are: v 1 = 6.5 GHz and v 2 = 6.9 GHz. The resonance frequencies were measured as G 1 = 6.4 GHz, G 2 = 6.7 GHz, and G 3 = 7.0 GHz for the SRR-based 3-cavity system. The results are very similar to the PC coupled cavity systems. However, in taking advantage of the subwavelength dimension of the metamaterial system, it is possible to localize the fields into subwavelength regions using SRR-based cavity systems.
1D Fabry-Perot resonator model
The reflection of the SRR structure is very high in the negative m (e) frequency range and, therefore, the SRR structures on both sides of the cavity behave like frequency-specific mirrors [28, 29] . Any propagating light that is trapped between them will bounce back and forth between these two mirrors. Since the mirrors localize light within a finite region, the modes are quantized into discrete frequencies, just as in FabryPerot resonances.
Therefore, it is possible to model these cavity structures as 1D FPR with the subwavelength uniform cavity region at the center (Fig. 5(a) ). One of the important properties of the SRR system is to have a unit cell that is much smaller than the operating wavelength (l/8). Therefore, the metamaterials can be treated as a homogeneous medium with an effective refractive index [17, 18] .
By taking full advantage of this FPR model, we calculated the transmission from the SRR-based cavity structure using the 1D transfer matrix method. In the TMM calculations, we used effective e and m that were determined by use of the retrieval procedure and Fresnel coefficients (reflection coefficient and transmission coefficient) for an interface when one of the two media is left-handed [30] . The calculated transmission using 1D TMM and CST Microwave Studio are in good agreement ( Fig. 5(b) ). Therefore, it is also in agreement with the measurements.
Reduced photon lifetime
A medium with a reduced group velocity, or in other words a medium with increased photon lifetime, offers a promising tool to increase the spontaneous emission rate and efficiency of nonlinear processes. Therefore, metamaterial-based cavities with a controllable group velocity can bring significant advantages for optoelectronic devices. The photon lifetime is defined as t p = @w/ @v. Here, w is the net phase difference between the phase of the EM waves propagating inside the structure and the phase of the EM waves propagating 6 . The photon lifetime is increased at the cavity resonance of the SRR-based single cavity. Hence, the effective group velocity is reduced by a factor of 67 for an SRR cavity when compared to the electromagnetic waves propagating in free space.
in free space for a total structure length. The photon lifetime corresponds to the propagation time of the EM waves inside the structure. The effective group velocity is inversely proportional to the photon lifetime and is defined as L/t p where L is the cavity length. The measured photon lifetime is 10 ns for an SRR cavity structure (Fig. 6 ). This also means that, at the cavity resonance, the effective group velocity is reduced by a factor of 67 for an SRR cavity when compared to the electromagnetic waves propagating in free space. The Q-factor and effective group velocity reduction factor are related through the localization of EM waves.
Conclusion
In conclusion, we showed that it is possible to obtain a cavity structure by the deformation of a unit cell of an SRR structure. We presented the Q-factor of the cavity resonance as 192 for the SRR-based single cavity. Moreover, it is possible to obtain a Q-factor as high as 3290 using loss free materials. The transmission properties of the SRR-based interacting 2-cavity and 3-cavity systems were investigated. Due to the coupling between the strongly localized cavity modes, the singlecavity mode splits into two or three distinct modes, depending on the number of coupled cavities. Eventually, in taking full advantage of the effective medium theory, we modeled the SRR-based cavities as 1D FPRs with a subwavelength cavity at the center. The calculated transmission from the 1D FPR model using 1D TMM is in good agreement with the measured result. Finally, we observed that at the cavity resonance, the effective group velocity was reduced by a factor of 67 for an SRR-based single cavity compared to the electromagnetic waves propagating in free space. This work is supported by the European Union under the projects EU-METAMORPHOSE, EU-PHORE-MOST, EU-PHOME, and EU-ECONAM, and TUBI-TAK under the Project Numbers 105E066, 105A005, 106E198, 106A017, and 107A012. One of the authors (E.O.) also acknowledges partial support from the Turkish Academy of Sciences.
